The first overtone pure vibrational Q 2 ͑0͒ ͓vϭ2←0, Jϭ0←0͔ transition of solid parahydrogen was studied using high-resolution laser spectroscopy. The absorption spectrum exhibits extremely narrow linewidths ͑20 MHz full-width-at-half-maximum͒, which allowed us to observe rich spectral structure in the transition. Part of the structure is attributed to the M sublevel splitting of orthohydrogen that induces dipole moments on surrounding parahydrogen molecules, but the finer spectral structure is due to vibron hopping of the vϭ2 excited state of parahydrogen molecules. The Stark field of the orthohydrogen localizes the vibron on a finite number of parahydrogen molecules, which results in the discrete vibron states. From the analysis of the spectral structure, the vibron hopping frequency of the vϭ2 state is determined to be Ϫ114 MHz. It is also found that the spectral structure cannot be explained completely unless the quantum nature of solid hydrogen is taken into account for the analysis.
I. INTRODUCTION
The optical interaction of atoms and molecules in the condensed phase is intrinsically different form those in the gas phase. In the gas phase, atoms and molecules are well separated from each other so that they interact with electromagnetic radiation independently. On the other hand, due to the proximity of neighboring particles in the condensed phase compared with the wavelength of optical radiation, it happens quite often that many atoms and molecules interact with one photon simultaneously. The simultaneous excitation of multiple atoms and molecules by one photon is a characteristic feature of the optical interaction of the condensed phase.
An excited state in the condensed phase hops from one atom/molecule to others due to interatomic/molecular interactions. The eigenstate becomes delocalized, which results in a finite width of the energy state. The width of the energy corresponds to the strength of the interaction between nearest neighboring pairs, or it roughly reflects the frequency of the hopping of the excited state in the system. The energy band is filled with an infinite number of states when the excited state is delocalized over the infinite number of the constituent particles. Conversely, when the delocalization is limited to a finite number of the constituent particles, the energy state becomes discrete. Nevertheless, the spectral structure that originates in the discrete energy levels has rarely been observed spectroscopically, though many excited states in the condensed phase are considered to be partially delocalized. The reason is due to the inherent broadness of optical transitions in the condensed phase. Because of the strong interaction and proximity between particles as well as the imperfections of solid or liquid structure, both homogeneous and inhomogeneous broadening in the condensed phase is, in general, too large to observe such spectral structure explicitly.
Solid parahydrogen, however, is an exception to this generalization. Solid hydrogen is the simplest and most fundamental molecular crystal. 1 Since intermolecular interaction between hydrogen molecules is extremely weak compared with its rotational energy level spacings, each hydrogen molecule exhibits almost free rovibrational motion retaining the rotational quantum number J as a good quantum number. Optical transitions to such quantized rotationvibration states have been found to exhibit extremely sharp linewidth. After the pioneering work of Hardy et al., on the high-resolution microwave absorption spectroscopy of solid parahydrogen, [2] [3] [4] [5] [6] various transitions have been studied with high-resolution. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The narrowest transition so far reported is 4 MHz ͑ϭ0.0001 cm Ϫ1 ) in the case of a pure vibrational Q 1 ͑0͒ transition ͓vϭ1←0, Jϭ0←0͔ of a D 2 molecule in solid parahydrogen. 7 The sharpness is a result of the small mass of hydrogen and weak intermolecular interaction. At the temperature of liquid He, all parahydrogen molecules occupy the Jϭ0 rotational state. Due to the spherical nature of the Jϭ0 rotational wavefunction, the homogeneous broadening of solid parahydrogen decreases drastically. Moreover, the inhomogeneous broadening is almost negligible in solid parahydrogen because the crystal defects could be selfrepaired due to the large zero-point lattice vibration as a result of the small mass of hydrogen. Thus, both homogeneous and inhomogeneous broadening are almost completely suppressed in solid parahydrogen to exhibit extremely narrow linewidth. The narrow spectral linewidth allows us to observe fine spectral structures originating in subtle interactions in the condensed phase.
Here we report the first high-resolution study of the pure vibrational overtone transition Q 2 ͑0͒ ͓vϭ2←0, Jϭ0←0͔ of solid parahydrogen. The Q n ͑0͒ transitions in solid hydrogen become infrared active only upon interaction with internal or external electric field as is briefly described in the next section. Thus, high-resolution spectroscopy of the Q n ͑0͒ transitions gives us detailed and accurate information on intermolecular interactions and the nature of excited states in the condensed phase. The sharpness of the Q 2 ͑0͒ transition allowed us to directly observe discrete energy levels of the weakly confined vibron of the vϭ2 state in solid parahydrogen. Moreover, it is found that the quantum nature of solid parahydrogen can be clearly drawn from the frequency analysis of the observed spectral structure.
The mechanism of the pure vibrational transition of solid parahydrogen is briefly summarized in Sec. II. The experimental setups for high-resolution laser spectroscopy in the near-infrared region is described in Sec. III. The experimental results are given in Sec. IV, which follows the theoretical background and analysis in Secs. V and VI. The discussion on the determined parameters is given in Sec. VII.
II. Q n "0… OPTICAL ABSORPTION IN SOLID PARAHYDROGEN
Since the hydrogen molecule is a homonuclear diatomic molecule, the dipole transition of vibrational transition is infrared inactive. Nonetheless, various infrared absorption has been observed in solid hydrogen. Those transitions become infrared active upon interaction with the electric field. Because of the polarizability ␣ of the hydrogen molecule, internal or external electric field E induces dipole moment ϭ␣E on the hydrogen molecule, which interacts with photons.
Pure rotation and rotation-vibration transitions of S (⌬Jϭ2͒, 8 U (⌬Jϭ4͒, 9 W (⌬Jϭ6͒, [9] [10] [11] and Y (⌬Jϭ8͒ ͑Ref. 11͒ types become active through instantaneous dipole moment induced by the fluctuation of the electric field of surrounding hydrogen molecules. Pure vibrational transitions of the Q (⌬Jϭ0͒ type have also been observed, 7, [12] [13] [14] [15] but the mechanism is different. The instantaneous fluctuation of the electric field which induces ⌬JϾ0 transitions does not induce the Q (⌬Jϭ0͒ type transition. The permanent electric field is indispensable to induce the Q-type transition. It has shown that the Q-type transition of pure parahydrogen crystal is induced by external electric fields such as a laser field ͑stimulated Raman effect͒ 16 or a static electric field ͑Condon effect͒. 17, 18 The electric field of ions produced in solid hydrogen also induces the Q-type transition. 19, 20 The observed Q 1 ͑0͒ transition induced by external fields showed extremely sharp line due to the ⌬kϭ0 momentum selection rule.
On the other hand, the internal electric field of the quadrupole moment of the orthohydrogen impurity also induces the Q-type absorption of parahydrogen crystal. But the transition mechanism is completely different from that induced by the external electric field. Parahydrogen, having Iϭ0 nuclear spin angular momentum, occupies the Jϭ0 rotational state at liquid He temperature; therefore, it has no permanent multipole moment of any order. Contrarily, the orthohydrogen having the Iϭ1 nuclear spin angular momentum occupies the Jϭ1 rotational state at the low temperatures. Because of the nonspherical nature of the Jϭ1 rotational wave function, the orthohydrogen has quadrupole moment, which induces dipole moment on the surrounding hydrogen molecules to cause the Q (⌬Jϭ0͒ type transitions. Upon the Q transitions, the inducer orthohydrogen changes its value of the quantum number M which is the projection of the rotational angular momentum. Thus the pure vibrational Q n ͑0͒ transition induced by orthohydrogen is a simultaneous transition which should be written as Q n ͑0͒ϩQ 0 ͑1͒. 25 But herein it will be referred to simply as the Q n ͑0͒ transition.
Since the Q n ͑0͒ absorption is a simultaneous transition which occurs near orthohydrogen impurities, the final state of the transition is not the same as that of the Q n ͑0͒ transition induced by the external field. For example, although the vϭ1 vibrational excited state of solid parahydrogen has a band width of 4 cm Ϫ1 , the Q 1 ͑0͒ transition induced by external electric fields ͑stimulated Raman or Condon effects͒ shows extremely sharp linewidth, because only the kϭ0 of the vibron band is optically accessible from the ground state. On the other hand, the Q 1 ͑0͒ infrared absorption of solid parahydrogen induced by orthohydrogen shows a broad spectrum with a width of 4 cm Ϫ1 . Since it is a simultaneous transition with orthohydrogen, the optical selection rule ⌬kϭ0 does not hold so that the entire vibron band becomes infrared active. The spectral shape is roughly proportional to the density of states of the vϭ1 vibron state, which means that the vibron is delocalized almost completely throughout the entire crystal. 26 The second overtone Q 3 ͑0͒ absorption of solid parahydrogen has been studied with high-resolution by Dickson et al. 14, 27 They observed several lines at approximately 11 758 cm Ϫ1 . The spectral structure has been interpreted as the M sublevel splitting of the inducer orthohydrogen. In this case, the vϭ3 excited state is considered to be localized on a hydrogen molecule next to orthohydrogen. The breakdown of the symmetry upon excitation lifts the degeneracy of the M sublevel, which was detected as a spectral structure of the Q 3 ͑0͒ absorption.
The first overtone Q 2 ͑0͒ absorption at 8070 cm Ϫ1 has been observed with low-resolution. 28 A Fourier-transform infrared ͑FTIR͒ spectrum observed by Weliky et al. 21 showed a doublet with a spacing of 0.5 cm Ϫ1 , but no further spectral structure was resolved. Later, Mengel et al. observed the Q 2 ͑0͒ absorption at a resolution of 0.009 cm Ϫ1 . 22 At low orthohydrogen concentration, they saw only the doublet reported by Weliky et al., but also a somewhat broader feature attributable, according to the analysis of Dickson et al. for Q 3 ͑0͒, to transition induced by next nearest neighbor orthohydrogen monomers. The Q 2 ͑0͒ absorption of crystals containing higher orthohydrogen concentration has also been studied by Mengel et al. They observed quite complicated spectra, which were interpreted as to the transitions of dimer, trimer and larger clusters of orthohydrogen molecules in parahydrogen crystals.
No studies of the Q 2 ͑0͒ transition with high-resolution better than 0.009 cm Ϫ1 have been performed until now because of the lack of commercially available laser sources in this frequency region. We have developed a new laser system for high-resolution spectroscopy in this near infrared region. 29 Here, we report our new observations of the Q 2 ͑0͒ transition of a crystal of low orthohydrogen concentration using this new laser system. We have observed more complicated spectral structure than the Q 3 ͑0͒ transition observed by Dickson et al. We found that this spectral structure is due to the discrete vibron energy levels of the vϭ2 vibron state in addition to the M sublevel splitting of the inducer orthohydrogen. Details of the observed spectrum and its analysis are discussed in the following sections.
III. EXPERIMENTS

A. Sample
Pure parahydrogen gas was produced by passing normal liquid hydrogen through globules of hydrous ferric oxide ͑Ionex Research Co., Mesh size 30ϫ50͒ kept at 13.8 K in a homemade ortho-para converter. 30 The equilibrium orthopara ratio at this temperature was calculated to be ϳ10 Ϫ5 . The parahydrogen gas thus produced was stored in a gas cylinder at room temperature and then used for the preparation of the sample. Back conversion from parahydrogen to orthohydrogen was found to be almost negligible for a few days even at room temperature, in the absence of a magnetic field.
Parahydrogen crystals were grown in an optical cell made of copper, which was attached beneath the liquid He reservoir of a helium cryostat. The cell was an enclosed type, and both ends were sealed with BaF 2 windows for optical observations. The length and diameter of the cell were 10 cm and 2 cm, respectively. Parahydrogen gas of about 100 cm 3 /min was introduced into the cell through a 1/16 in. stainless steel tube. The cell was kept at 8.0 K during crystal growth. The crystal grew radially inwards from the copper surface. The entire cell except a small portion of the cylindrical center was filled with completely transparent crystal. After crystal growth, the temperature of the crystal was carefully lowered to 5.0 K for optical absorption experiments. At this temperature all parahydrogen molecules occupied the Jϭ0 rotational state, while orthohydrogen occupied the Jϭ1 state. The actual ratio of ortho/para in this experiment was estimated to be about 1.0ϫ10
Ϫ4 from the intensity of the Q 1 (1) transitions observed by a FTIR spectrometer. 25 The crystal structure thus grown has been proved to be hexagonal close-packed crystal with its c-axis pointing towards the radial direction of the cylindrical cell.
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B. Laser system
In order to carry out high-resolution spectroscopy of the Q 2 ͑0͒ transition of solid parahydrogen at 8070 cm Ϫ1 , we developed a new tunable continuous-wave ͑CW͒ midinfrared laser system based on the difference-frequency mixing. Details of the laser system have been published elsewhere. 29 The block diagram of the laser system is shown in Fig. 1 . Radiation from a CW ring-dye-laser ͑Coherent Inc., Model 899-29͒ at around 18 000 cm Ϫ1 was mixed with another laser radiation from a CW ring-Ti:sapphire-laser ͑Coherent Inc., Model 899-21͒ at around 10 000 cm Ϫ1 in a potassium-titanyl phosphate ͑KTiOPO 4 ; KTP͒ crystal to generate CW infrared radiation at around 8000 cm Ϫ1 . The spectral purity of both ring-laser radiations was about 1 MHz. The KTP crystal, which is a biaxial crystal, was placed so that the xy plane was parallel to the optical table on which all system were securely tightened. The two laser radiations were coaxially introduced at 45°to the x axis of the crystal in the xy-plane. The laser radiations were focused with a 10-cm-focal-length BaF 2 lens. Configuring both input laser radiations to be horizontally polarized by half-wave plates (/2), we obtained the oscillation of difference-frequency vertically polarized relative to the optical table. The difference-frequency mixing was the type II oscillation described in the previous paper (eϪe→o). 29 The conversion efficiency was about 5ϫ10
Ϫ3 ; and we obtained approximately 150 W of the difference-frequency laser radiation from 200 mW of the dye laser and 150 mW of the Ti:sapphire laser radiations. The generated infrared radiation was separated from the two ring-laser radiations by a Ge filter, and then the radiation was introduced in a parahydrogen crystal to observe its absorption.
The frequency scan was carried out by scanning the frequencies of the dye laser radiation while fixing the frequency of the Ti:sapphire laser radiation. The scan was controlled by a computer using the AUTOSCAN program ͑Coherent Inc.͒. The frequency stability of the infrared radiation was roughly a few MHz. As for the frequency measurement, the absolute frequency of the difference-frequency radiation itself was not measured directly, but each frequency of the dye and the Ti:sapphire laser radiations was measured separately by wavemeters. Since the accuracy of the each wavemeter was 0.01 cm Ϫ1 , the maximum error of the absolute wave numbers in this study could be 0.01 cm Ϫ1 . However, relative wave number accuracy of the measurements was less than 0.0001 cm Ϫ1 , which was ensured by the frequency stability of the two ring-laser systems. The relative wave number accuracy is important in the following discussion, but the absolute wave number is not significant.
For the detection of signals, we employed the tone-burst modulation technique 32, 33 in addition to the standard chopper modulation. The chopper modulation is useful for recording real spectral shape, but the tone-burst modulation is better for sensitive detection. The sensitivity ⌬I/I of our tone-burst modulation is about 10 Ϫ5 , which is roughly two orders of magnitude better than the sensitivity of the chopper modulation. For the tone-burst modulation of this study, the side band oscillation of the dye laser radiation was generated in an EO modulator ͑MgO doped LiNbO 3 crystal͒ driven by radio frequencies ͑RF͒ of 5-100 MHz. The RF was switched on and off at a rate of 30 kHz, and the signal was demodulated at this frequency by a lock-in amplifier. The tone-burst detection enhances the spectral structure whose width is close to the RF. Because of the demodulation scheme, the tone-burst spectrum appears as a second derivative-type line shape. Figure 2 shows a low-resolution absorption spectrum in the region of the first overtone vibrational transition. The spectrum was recorded using a Bruker FTIR spectrometer ͑IFS-120HR͒ at a resolution of 0.01 cm Ϫ1 . The concentration of orthohydrogen was estimated to be less than 0.01%. A sharp absorption at about 8070 cm Ϫ1 is the first overtone pure vibration transition of parahydrogen ͓Q 2 ͑0͔͒ while the weak peak at 8060 cm Ϫ1 is that of orthohydrogen ͓Q 2 ͑1͔͒. Broad absorption at the higher frequencies around 8150 cm Ϫ1 is the accompanying phonon band of the Q 2 ͑0͒ transition. Transitions in the region of 8300-8600 cm Ϫ1 have been assigned to the S 2 ͑0͒ transition and simultaneous transitions Q 1 ͑0͒ϩQ 1 ͑1͒ and Q 2 ͑0͒ϩS 0 ͑0͒ as annotated in Fig.  2 . 22, 34 With the resolution of 0.01 cm Ϫ1 , the Q 2 ͑0͒ transition appeared as a doublet with a spacing of 0.3 cm Ϫ1 . But it turned out that each component actually consists of many sharp lines.
IV. OBSERVED SPECTRA
The inset panel ͑b͒ of Fig. 2 shows a high-resolution spectrum of the Q 2 ͑0͒ transition observed by the differencefrequency laser system with the chopper modulation. The Q 2 ͑0͒ transition consists of a doublet whose lower frequency component appears at 8070.23 cm Ϫ1 and the higher component appears at 8070.55 cm Ϫ1 . The spectral structure of the Q 2 ͑0͒ transition is similar to that of the Q 3 ͑0͒ previously reported, 14 but the fine structure of the Q 2 ͑0͒ is more complicated than that of the Q 3 ͑0͒. The upper panel ͑a͒ of 14 Roughly speaking, the Q 2 ͑0͒ transition has twice as many lines as the Q 3 ͑0͒ transition. The upper panel ͑a͒ of Fig. 4 shows the spectrum when the polarization of the light is parallel to the crystal c-axis, whereas the lower panel ͑b͒ shows the spectrum when the polarization of the light is perpendicular to the crystal c-axis. Each finer spectral line shows definite polarization dependence. The transition frequencies and its polarization relative to the crystal c-axis are summarized in Table I . As was already mentioned in the experimental section, the absolute wave number accuracy in Table I is about 0.01 cm Ϫ1 , but the relative wave number accuracy among each transition is better than 0.0001 cm Ϫ1 .
The lower panel ͑b͒ of Fig. 3 shows a chopper spectrum observed at 8.0 K. The full-width-at-half-maximum ͑FWHM͒ of each finer spectral peak was about 20 MHz ͑0.0007 cm Ϫ1 ) at 5.0 K, but it became 1.5 times broader at 8.0 K. Such a drastic increase of the spectral width with the rise of the temperature has been observed in the case of vibration-rotation transition of CD 4 molecule embedded in parahydrogen crystals. 35 The drastic increase of the width of CD 4 has been interpreted to result from the pure dephasing of the vibrationally excited state. The broadening shown in Fig. 3 is also attributed to the pure dephasing of the vϭ2 vibrational excited state.
We have observed a broadening of the linewidth for crystals which contain higher concentration of orthohydrogen. This broadening is due to the inhomogeneous quadrupole field of orthohydrogen molecules in the crystal. The mechanism of the broadening has been discussed in the case of the D 2 impurity transition in solid parahydrogen. 36 The spectrum shown in Figs. 3 and 4 is that of the crystal containing the smallest concentration of orthohydrogen we could obtain.
Comparing these spectra with the FTIR spectra of the Q 2 ͑0͒ transition reported by Mengel et al. 22 ͑Fig. 7 of their paper͒, it is obvious that the fine spectral structures shown in Figs. 3 and 4 must be attributed to the Q 2 ͑0͒ transition induced by an isolated orthohydrogen molecule in the parahydrogen crystal, but not to transitions of dimer, trimer, and higher clusters of orthohydrogen molecule.
In the case of the Q 3 ͑0͒ transition, several additional weak peaks have been observed in the middle of the large splitting of 0.5 cm Ϫ1 . Dickson et al. concluded that the doublet is the Q 3 ͑0͒ transition of parahydrogen next to orthohydrogen, while the weak peaks are that of parahydrogen of next-nearest-neighbor of the orthohydrogen. We have also observed a weak transition in the middle of the doublet shown in the Q 2 ͑0͒ transition. Figure 5 shows a tone-burst spectrum of the weak transition. We observed a doublet at around 8070.45 cm Ϫ1 with a splitting of 0.0055 cm Ϫ1 , but the transition was too weak to observe further spectral structure, contrary to the case of the Q 3 ͑0͒ transition.
V. THEORETICAL FRAMEWORK
In this section, we describe a theoretical framework for the analysis of the observed spectral structure. The general theory of rotation-vibration states of solid hydrogen has been summarized in a review 37 and a book. 1 A theory of the Q 1 ͑0͒ infrared absorption has been developed by Sears and Van Kranendonk. 25 The theory is applied to the analysis of the Q 3 ͑0͒ absorption by Dickson et al. 14 in which they have assumed that the excited state is completely localized on one hydrogen molecule. The Q 2 ͑0͒ absorption in the present study can be analyzed by the same theoretical framework, but we need to extend the theory to be able to take into account the delocalization of the vibron.
A. Hamiltonian
To make the discussion simple, we consider a pure parahydrogen crystal which contains only one orthohydrogen molecule in it. The crystal is assumed to be a hexagonal close-packed ͑hcp͒ structure without any defects. All parahydrogen molecules occupies the Jϭ0 rotational state, while the orthohydrogen occupies the Jϭ1 state. The total Hamiltonian necessary for the analysis of the Q 2 ͑0͒ transition is generally expressed as HϭH rot-vib ϩH int , where H rot-vib is a sum of the rotation-vibration Hamiltonian of each hydrogen molecule, and H int is the Hamiltonian arising from the intermolecular interaction between hydrogen molecules. We assume that the rotational quantum number J is a good quantum number in the crystal; and thus, the rotation-vibration Hamiltonian is that of the standard Hamiltonian of the gas phase molecules. 38 As for the interaction Hamiltonian, it can be divided into three parts as H int ϭV crystal ϩH hop ϩV Stark . The first term V crystal is the crystal field potential arising from the dispersion interaction between hydrogen molecules. The second term H hop represents the vibron hopping Hamiltonian which is responsible for the delocalization of the vϭ2 vibron in solid parahydrogen. The third term V Stark is the Stark field potential due to the quadrupolar field of the central orthohydrogen. Each term in H int is discussed separately subsequently.
Crystal field potential V crystal
Each hydrogen molecule is under the potential which arises from the dispersion interaction between hydrogen molecules. We call this potential the ''crystal field potential.'' In the first order approximation, the crystal field is a sum of the pair potential of every possible pair of hydrogen molecules. However, to avoid complexity, the crystal field potential of a completely pure parahydrogen crystal is taken herein as the reference of the potential. Thus, as the effective crystal field potential, we only consider the change of the pair interaction of the pure parahydrogen crystal by the substitution of an orthohydrogen molecule as well as by the vibrational excitation of the parahydrogen molecule. Since the isotropic interaction changes only the transition frequency of the entire band, we consider only the anisotropic interaction between the orthohydrogen and parahydrogen, which changes the M states of the central orthohydrogen molecules. Consequently, the isotropic interaction can be effectively included in the band origin in H rot-vib .
The pair type interaction between orthohydrogen ͑mol-ecule 1͒ and parahydrogen ͑molecule 2͒ is generally expressed as
where R is the intermolecular distance, and 1 , 2 are the orientations of orthohydrogen and parahydrogen molecules with respect to the axis between two molecules ͑pair-axis͒. The symbol C lm () expresses the Racah spherical harmonics, which is related to the standard spherical harmonics Y lm () as
The coefficient A l 1 l 2 m in Eq. ͑1͒ is a function of the distance R.
From the symmetry of hydrogen molecule, only even numbers of l 1 , l 2 , and m survive in the summation in Eq. ͑1͒. Furthermore, since the interaction between the Jϭ0 and Jϭ1 states is being considered, only terms with l 1 ϭ2, l 2 ϭ0 have a nonzero interaction. If the distance between two hydrogen molecules are assumed to be rigidly fixed at R 0 , the anisotropic interaction in Eq. ͑1͒ between the Jϭ0 parahydrogen and Jϭ1 orthohydrogen becomes
where B 0 (R 0 )ϵA 200 (R 0 ). However, because of the small mass of hydrogen molecules, the amplitude of zero-point intermolecular vibration is considerably large so that the deviation from the equilibrium distance R 0 needs to be explicitly taken into account in the pair potential between hydrogen molecules. Such a treatment has been discussed by Luryi and Van Kranendonk 39 as the ''renormalization problem.'' If the instantaneous position R between two molecules is considered explicitly, the anisotropic interaction potential should be written as
instead of Eq. ͑3͒. In Eq. ͑4͒, the tilde put over the potential Ṽ and the coefficient B 0 , B 2 indicates that the instantaneous position is renormalized in them. The coefficients B 0 and B 2 are related to the coefficient B 0 in Eq. ͑3͒ and to the deviation of the distance, that is ͉RϪR 0 ͉, whose explicit expression is discussed in Sec. VII. The crystal field potential of the crystal is obtained by taking all the sums of the pair interaction in Eq. ͑4͒ between the orthohydrogen and the surrounding parahydrogen molecules. Since the quantum effect discussed above is important only for the nearest-neighbor pairs but not for distant . Since the absolute wave number was hard to determine with our laser system, only the wave number shift relative to the lower component of the doublet is shown.
pairs, Eq. ͑4͒ is only applied to the pairs between orthohydrogen and its nearest-neighbor parahydrogen molecules, while Eq. ͑3͒ is used for other pairs.
The sum can be calculated by using the transformation of the coordinates from the pair-axis to the crystal-axis as
where ⍀ is the orientation of orthohydrogen relative to the crystal-axis and R is the orientation of the pair-axis between the orthohydrogen and parahydrogen with respect to the crystal axis. The function D nm 2 (R) is the Wigner rotation matrix. 40 The definition of the Wigner rotation matrix D is the same as that employed by Van Kranendonk in his book. 1 When all parahydrogen molecules are in the ground state, the crystal field potential is found to be
The coefficient ⑀ 2c is the so-called crystal field parameter. In this case, only the term proportional to C 20 (⍀) survives because of the symmetry of the crystal around the orthohydrogen molecule, even if we use Eq. ͑4͒ for the nearest neighboring pairs. When one of the parahydrogen molecules is in the vibrationally excited state, the crystal field potential becomes more complicated than that of the ground state. Because of the different polarizabilities for different vibrational states, pair interaction of the vibrationally excited parahydrogen with the orthohydrogen is different from that of the ground state parahydrogen. When the jth parahydrogen molecule is excited to its vibrationally excited state, the crystal field potential can be expressed as
where the first term of the right-hand side is the ground state crystal field potential and the second term is the correction due to the vibrational excitation. The symbol R j is the Euler angle which represents the orientation of the pair-axis between the jth parahydrogen molecule and the orthohydrogen molecule relative to the crystal-axis. The symbol ⌬B n (nϭ0 or 2͒ represents B n ex ϪB n , where B n ex is the coefficient of the pair interaction potential in Eq. ͑4͒ between the vibrationally excited parahydrogen and the orthohydrogen molecules. It should be noted that the parameter ⌬B 2 related to the quantum effect appears explicitly in Eq. ͑7͒.
Vibron hopping Hamiltonian H hop
Delocalization of the vibrationally excited state occurs through derivatives of the dispersion interaction between molecules. Since the dispersion interaction V disp between two hydrogen molecules (i and j) is a function of the vibrational coordinate of each molecule, the interaction can be expanded as a power series of each vibrational coordinate q i and q j as
where V disp 0 is the value of V disp with q i ϭq j ϭ0. Let ͉i͘ ϭ͉v i ϭ2,v j ϭ0͘ be the state in which ith parahydrogen molecule is in its vibrationally excited state, and ͉ j͘ϭ͉v i ϭ0,v j ϭ2͘ be the state jth molecule is in its vibrationally excited state. The two states interact with each other through the fourth derivative term in Eq. ͑8͒, because the matrix element,
has nonzero values. Without this interaction, the two excited states degenerate. However, the nonzero matrix element in Eq. ͑9͒ lifts the degeneracy of the two states with a mixing of the wave function between ͉i͘ and ͉ j͘. Physically, this interaction causes the hopping of the vϭ2 vibrational state in the crystal. The matrix element 4 in Eq. ͑9͒ for the nearest neighboring pairs is often called the hopping frequency. The order of the hopping frequency of the pure vibrational states in solid parahydrogen has been discussed by Dickson et al. 14 They showed that the hopping frequency is reduced by two orders of magnitude as the vibrational quantum number v increases by one. Since the hopping frequency of the vϭ1 vibrational state is calculated to be Ϫ5.7 GHz ͑ϭϪ0.19 cm Ϫ1 ) from the spectral width of the Q 1 ͑0͒ infrared absorption, 26, 12 the hopping frequency of the vϭ2 vibrational state is estimated to be Ϫ150 MHz ͑ϭϪ0.005 cm Ϫ1 ).
Stark field potential V Stark
The electric field of the quadrupole moment of the orthohydrogen induces dipole moments on surrounding parahydrogen molecules, but it also changes the energy of surrounding hydrogen molecules by the Stark effect. It is clear that the energy shift of the 12 nearest-neighbor parahydrogen molecules to the orthohydrogen is much larger than that of the next-nearest-neighbor hydrogen molecules. The difference of the energy shift of parahydrogen molecules at different distances is of importance for the discussion of the vibron hopping, because the Stark energy appears in the diagonal matrix elements of each localized vibrationally excited state, while the vibron hopping appears in off-diagonal matrix elements.
The energy we have to consider for the analysis of vibron hopping is the difference of the Stark energy between the excited and ground vibrational state. Explicitly, the energy difference of the ith parahydrogen molecule which is separated from the orthohydrogen by a distance R i can be written as
where E m (R i ) is the spherical component of the electric field of the quadrupole moment of the orthohydrogen at the position R i , and ␣ vϭ2 and ␣ vϭ0 are the polarizabilities of the parahydrogen molecule in the vϭ2 excited state and the ground state, respectively. If the energy ⌬E i is considerably larger compared to the hopping frequency, the vibron cannot hop from one to the other localizing the vibron in a limited region.
The electric field of the quadrupole moment of the orthohydrogen at the distance of Rϭ3.783 Å ͑Ref. 41͒ is roughly 100 MV/cm. Using the known values of ␣ vϭ2 ϭ6.3729 a.u. and ␣ vϭ0 ϭ5.4139 a.u., 42 the ⌬E i at the nearest-neighbor hydrogen molecules is calculated to be ⌬E nn ϳϪ0.01 cm Ϫ1 . The energy is about the same order as the hopping frequency given in Eq. ͑9͒ so that it is necessary to take into account for the analysis. On the other hand, the energy ⌬E i of the nextnearest-neighbor hydrogen molecules is calculated to be ϳϪ0.0014 cm Ϫ1 which is already negligibly small.
B. Basis function and its symmetry
Rotation-vibration states in the crystal is expressed as a linear combination of the basis function which is a product of the rotation-vibration function ͉J,M ͘ for each hydrogen molecule. We consider a crystal of N molecules all in the Jϭ0 rotational state and one orthohydrogen molecule in the Jϭ1 rotational state. The ground state basis function is written as
where M ͑ϭ0, Ϯ1͒ is the projection of the rotational angular momentum J of the orthohydrogen. The basis function for the vibrationally excited state in which kth parahydrogen molecule is excited to the vϭ2 state is expressed as
The eigenfunction is a linear combination of the above basis functions as
for the ground state and The hcp lattice belongs to the D 3h point group, while the orthohydrogen to the G 4 ϭ͕Ē , (12) ,Ē *,(12) *͖ permutation inversion group. Thus, by taking an appropriate linear combination, the above basis function can be symmetrized in terms of the irreducible representations of the extended group ЈD 3h Ј ϫЈG 4 Ј . The idea of the extended group has been introduced by Reddington and Milligan for the classification of the rotation-vibration states of diatomic molecules in crystals. 43 Generalization of the theory has been discussed by Miller and Decius. 44 The extended group pertinent to the present system has already been discussed by Chan et al. 24 This group is isomorphic to D 6h point group, and the character table is given in Table I of their paper.
Using the notation given in their paper, 24 
C. Transition intensity
Transition intensity is calculated from the transition dipole moment on each parahydrogen molecules induced by the electric field of quadrupole moment of orthohydrogen. Using the spherical coordinates, the electric field of quadrupole moment at a position R is written as
where Q 2 is the quadrupole moment of orthohydrogen, ⍀ and ⍀ o are the orientation of the vector R and the orthohydrogen molecule, respectively, relative to the crystal-axis, and mϭ0, Ϯ1. The symbol C͑123;mn ) is the ClebschGordan coefficient. The mth component of the induced dipole moment of a parahydrogen at R is expressed as
where ␣ and ␥ are the off-diagonal elements of the isotropic and anisotropic polarizabilities between the vϭ0 and vϭ2 states, respectively, ⍀ p is the orientation of the parahydrogen molecule relative to the crystal-axis, and mϭ0, Ϯ1. The second term in Eq. ͑16͒ can be disregarded in the present analysis, since we only consider pure vibrational transition of a Jϭ0 molecule. Thus, the induced dipole moment on the ith parahydrogen molecule becomes
where R i is the distance between the ith parahydrogen and the orthohydrogen molecule, and ⍀ o→i is the orientation of the pair-axis between the ith parahydrogen and the orthohydrogen molecule relative to the crystal-axis. As a result, the transition moment between the ground state ͉i͘ in Eq. ͑13͒ and the excited state ͉ j͘ in Eq. ͑14͒ becomes,
where ␣ 20 is the matrix element ͗vЈJЈ͉␣͉vJ͘ϭ͗20͉␣͉00͘.
The above equation is used for the calculation of transition intensities.
VI. ANALYSIS OF THE OBSERVED SPECTRA
Nonlinear least-squares fitting calculations were carried out to analyze the observed spectra. The parameters ⑀ 2c , ⌬B 0 , ⌬B 2 , and 4 were used as the fitting parameters. The center frequency of the Q 2 ͑0͒ transition 0 and the Stark stabilization energy for the nearest-neighbor parahydrogen ⌬E nn are fixed to the values of 0 ϭ8070.4540 cm Ϫ1 and ⌬E nn ϭϪ0.0109 cm Ϫ1 , respectively, during the fitting procedure. As the basis function we included up to the fourth nearest-neighbor hydrogen molecules in the calculation.
Since the parameters ⌬B 0 and ⌬B 2 are functions of the inverse of the distance, those for next-nearest-neighbors are expected to be quite smaller than those for the nearestneighbors. Therefore, we only consider the parameters ⌬B 0 and ⌬B 2 for the nearest-neighbor hydrogen molecules.
There are twelve nearest-neighbor hydrogen molecules in the hcp lattice; six molecules are in the same hexagonal plane and three are in the above plane and three are in the lower plane. Thus, there are two types of nearest-neighbor hydrogen pairs in the hcp lattice, as illustrated in Fig. 6 . The in-plane ͑IP͒ pair is a pair of two hydrogen molecules on the same hexagonal plane, while the out-of-plane ͑OP͒ pair is a pair in which each molecule is in a different hexagonal plane next to each other. Dickson et al. found that the ⌬B 0 of IP nearest-neighbor pairs and of OP pairs needed to be distinguished for the quantitative analysis of the Q 3 ͑0͒ spectrum. 14 Since the crystal field potential of the vibrationally excited state V ex (⍀) is a function of the orientation of the pair-axis, the coefficients could be different between IP and OP pairs. Following Dickson's discussion, 14 we also assumed that both ⌬B 0 and ⌬B 2 are different for the IP and OP pairs. Actually we could not obtain good fitting without using different parameters for these two coefficients. Thus, we used a total of six parameters, ⑀ 2c , ⌬B 0 IP , ⌬B 0 OP , ⌬B 2 IP , ⌬B 2 OP , and 4 for the fitting of the spectrum. Figure 7 depicts how the energies of the vibrationally excited states split with each interaction discussed above. The crystal field ⑀ 2c slightly lifts the degeneracy of M into Mϭ0 and MϭϮ1 as shown in Fig. 7͑a͒ . The crystal field potential ⌬B 0 and ⌬B 2 split the three M levels widely-one of them has lower energy and two of them have higher energy as shown in ͑b͒ and ͑c͒ in Fig. 7 . Observed large splitting of 0.3 cm Ϫ1 is due to this effect. Because of the difference of IP and OP pairs of the parameters ⌬B 0 and ⌬B 2 , the vibrationally excited state has a total of two levels in the lower energy levels and four levels in the higher energy levels.
If we assume that the vibron is localized on one parahydrogen molecule, we expect 4 allowed transitions in the lower band and 7 transitions in the higher band. This explains the Q 3 ͑0͒ spectrum as discussed by Dickson et al. 14 In the Q 2 ͑0͒ transition, however, more splitting has been observed in both lower and higher frequency bands as is seen in Figs. 3 and 4 . These extra splittings are due to the vibron hopping interaction. The splitting due to the hopping is depicted in Fig. 7͑d͒ .
The energy diagram shown in Fig. 7 together with the theoretical intensities calculated from Eq. ͑18͒ allowed us to assign all the observed transitions. The parameters determined by the least squares fitting method are listed in Only the first term ⑀ 2c of Eq. ͑7͒ is considered. ͑b͒ The second term ⌬B 0 is considered in addition to ͑a͒. ͑c͒ The quantum term ⌬B 2 is considered in addition to ͑b͒. ͑d͒ Vibron hopping interaction is considered in addition to ͑c͒. Table II . The comparison of the calculated stick spectrum with the experimental tone-burst spectrum are shown in Fig.  8 . The calculated spectrum coincides well with the observed spectrum both in its frequency and its intensity. The calculated and observed frequencies are compared in Table I .
VII. DISCUSSION
The ground state crystal field parameter ⑀ 2c is determined to be Ϫ0.0116Ϯ0.002 cm Ϫ1 . The value is slightly different from that determined previously from the analysis of the Q 3 ͑0͒ transition.
14 Since our spectral resolution is much better than previous experiments, we believe that our parameter is more accurate than theirs. The higher spectral resolution is mainly due to the lower orthohydrogen concentration in our sample than that of the previous sample.
The parameter gives the crystal field splitting of
for an orthohydrogen molecule in pure parahydrogen crystal.
Determination of the value and sign of ␦ 1 has been attracting much attention because it may explain the anomalous behavior of the specific heat of solid parahydrogen. 1, 45 The most accurate value of ␦ 1 so far reported is 0.0071 cm Ϫ1 by Dickson et al. 14 Our experimental result support their value. The MϭϮ1 level is above the Mϭ0 level and the separation is 0.006 96Ϯ0.000 12 cm Ϫ1 ϭ10.01Ϯ0.17 mK. More discussion on the parameter will be made in a forthcoming paper. 46 The vibron hopping parameter 4 is determined to be Ϫ0.0038 cm Ϫ1 . The value is roughly the same order of magnitude as Dickson et al. predicted. In Table III , the distribution of the vibron is calculated for each excited state. The population is obtained by taking the square of the coefficients of each eigenfunction. From the table we see that about 99% of the vibron is localized on the twelve nearestneighbor parahydrogen molecules. In the case of the vϭ2 excited state, the hopping parameter is roughly on the same order of magnitude as the Stark stabilization energy. Thus, the vϭ2 vibron could distribute not only to the nearestneighbor but also to the next-nearest-neighbor and even more distant hydrogen molecules. However, the calculated result indicates that the vibron is mainly localized only to the nearest-neighbor molecules.
The localization can be explained by the effect of the crystal field parameter ⌬B 0 . As is depicted in Fig. 7͑b͒ , the parameter ⌬B 0 is the origin of the large splitting between the lower and upper frequency components. If we assume that the doublet shown in Fig. 5 is the transition to the vibron mainly populated on the next-nearest-neighbor or further hydrogen molecules, the splitting due to ⌬B 0 for the next- nearest-neighbor molecules is only 0.0055 cm Ϫ1 . Thus, the energy levels of the vibron on the nearest-neighbor hydrogen molecules are shifted by ϩ0.1 or Ϫ0.2 cm Ϫ1 due to the ⌬B 0 term compared with the next-nearest-neighbor vibron. The energy difference of ϩ0.1 ϳϪ0.2 cm Ϫ1 is much larger than the hopping parameter of Ϫ0.0038 cm Ϫ1 , which suppress the hopping of the vibron from the nearest-neighbors to the next-nearest-neighbors. Comparison of the vibron hopping interaction among the vϭn (nϭ1, 2, and 3͒ excited states of solid parahydrogen will be discussed in more details in a forthcoming paper. 46 Next we discuss the crystal field parameters ⌬B 0 and ⌬B 2 . For the analysis of the Q 3 ͑0͒ transition, Dickson et al. only used the parameter ⌬B 0 . We have tried to fit the observed spectrum by using only the parameter ⌬B 0 IP and ⌬B 0 OP , but we could not achieve a good fitting. We found that the inclusion of the parameters ⌬B 2 IP and ⌬B 2 OP drastically improve the results of fitting. The significance of the coefficients B 0 and B 2 in Eq. ͑4͒ has been discussed in detail by Luryi and Van Kranendonk. 39 They found that the coefficients B 0 and B 2 are explicitly written as where u x , u y , and u z are the Cartesian components of the vector u in terms of the pair-axis shown in Fig. 6 . This approximation is known as the static phonon renormalization, where the word ''static'' indicates that the orientation of the central orthohydrogen molecule is fixed during the averaging process. From Eqs. ͑20͒ to ͑23͒ we see that the parameter B 0 contains information on both classical and quantum effects, while the parameter B 2 is a pure quantum parameter. The parameter B 2 is nonzero only when the parameter has a finite value, which originates in the nonaxiality of the zeropoint lattice vibration. A quantitative estimation of in the ground state solid parahydrogen has been discussed by Hardy et al. 2, 3, 5 and Luryi and Van Kranendonk 39 based on the microwave spectrum of orthohydrogen pair transition and the neutron scattering by Nielsen. 47 Luryi and Van Kranendonk discussed two models in order to estimate the quantum parameters. One is the anisotropic Debye model and the other is the perturbed Einstein model. The Debye model is based on the anisotropy of the dispersion curve of the entire phonon band. On the other hand, the Einstein model originates in the local distortion of the lattice around the pair of nearest-neighbor molecules. Since the vibron we are studying is closely localized around the impurity orthohydrogen, the perturbed Einstein model is more appropriate than the Debye model for our discussion. 
͑24͒
The vibron hopping frequency of this type is approximately two orders of magnitude larger than the hopping in Eq. ͑24͒. Using the hopping parameter 12 2 ϭϪ0.19 cm Ϫ1 and the transition frequencies of 8070 cm Ϫ1 for the Q 2 ͑0͒ and of 8300 cm Ϫ1 for the Q 1 ͑0͒ϩQ 1 ͑0͒, the second order perturbation gives the frequency shift of about 0.000 15 cm Ϫ1 for the Q 2 ͑0͒ transition by this interaction. The shift of the energy is small enough so that the mixing was disregarded in the present analysis.
VIII. CONCLUSION
Herein we reported the first high-resolution spectroscopic study of the first overtone pure vibrational transition of solid parahydrogen. The overall spectral profile is similar to that of the Q 3 ͑0͒ transition, but there exists finer structures in the Q 2 ͑0͒ spectrum. We observed a total of 18 transitions. These transitions were analyzed through the consideration of the crystal field interaction and the vibron hopping interaction. By the nonlinear least-squares fitting of the observed spectra, the vibron hopping parameter 4 was determined to be Ϫ0.0038 cm Ϫ1 ϭϪ114 MHz. In addition to this, the crystal field parameters ⌬B 2 were found to be significantly different between in-plane and out-of-plane pairs. The difference of the parameter ⌬B 2 is attributed to the difference of the nonaxiality of the zero-point lattice vibration, which is a pure quantum effect of the crystal.
